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VIBRATION REDUCTION IN BALANCED LINEAR
COMPRESSORS

INTRODUCTION

Cryocoolers for Space applications must have long life, high reliability and produce low
levels of vibration. Coolers that use flexure spring suspended pistons and clearance seals and
are powered by reciprocating compressors that use purely linear technology can adequately
fulfil the first two requirements but have not yet produced acceptable, uncompensated,
vibration levels. '

A single, unbalanced compressor produces high levels of vibration but if two nominally
identical compressors are mounted back to back, the vibration level is substantially reduced
but will still be too high for many applications. The further reduction of vibration to
acceptable levels is only achieved through the use of complex adaptive control systems that
are very expensive and significantly reduce the reliability of the whole system. The
complexity of the electronics required to achieve a specified vibration level will depend on
how well matched the two compressors are. If the residual vibration can be reduced at source
by better matching of the two compressors through better matching of components and closer
control of build processes, then worthwhile cost reductions and improved reliability may be
achieved.

The balanced compressors that we have previously built have used compressors that were
only nominally matched. However, because of the precision required in both parts
manufacture and in assembly to obtain clearance seals, even nominally matched pairs gave
reasonable levels of vibration. This is particularly true of recent designs because of the
characteristics of the motor design and the rigidity of the structure. It was not possible to
deduce the major causes of this residual vibration from the vibration spectra of these
compressors, so this project was designed to investigate all aspects of vibration in this type of
compressor.

An attempt was made to list all possible sources and types of vibration and to assess their
importance and susceptibility to analysis or reduction by better methods of design,
manufacture and assembly. This analysis, included as Appendix A, was used to direct the
limited resources of this project to the most important areas of concern.

The main effort was concentrated on identifying the major sources of on-axis vibration. The
forces produced by moving coil motors were investigated to determine some factors that
might cause variations between different compressor assemblies. A software package called
VISSIM was used to model the dynamics of a basic compressor. The force generated by the
coil was calculated using values of flux density determined by a finite element analysis of the
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magnetic circuit. The rest of the system was modelled as a damped harmonic oscillator. The
model allows for both sinusoidal voltage and current inputs. In addition some attempt was
made to make the damping term more realistic than a simple dashpot. The vibration spectrum
produced by this model was compared with values measured on an actual cooler. Within the
accuracy of the measurements there appeared to be reasonable agreement. The model was
duplicated to simulate a compressor pair. This was used to investigate the effect of small
variations of a number of parameters (e.g. coil offset). These results were useful in estimating
the accuracy with which various parameters have to be matched to achieve a certain level of
residual vibration and was used to try and improve the assembly of a compressor pair.

Most of the components for this compressor, designated the Capital Compressor, were already
available so it was not possible to make major changes in design or in assembly methods.
However, detailed measurements were made on all components, sub-assemblies and
assemblies to determine how closely our current manufacture and build methods met the
requirements derived from the theoretical model. It will also be possible to relate the
vibration spectrum to a compressor with a documented manufacturing and building standard.

FORCES ACTING IN A LINEAR COMPRESSOR
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Figure 1. Schematic diagram of typical compressor

The types of linear compressors used in space cryocoolers have the virtue that the systems of
forces operating in them are amenable to relatively simple descriptions. Figure 1. shows the
main components of a typical linear compressor. These are:

e A piston/cylinder assembly utilising a no-contact clearance seal.

e A linear motor — in this case a moving coil “loudspeaker” type motor
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e A suspension system comprising of two aligned sets of flexure bearings — these are
usually springs with a flat spiral geometry and are known as spiral springs or flexures.

The characteristics of the suspension system are extremely important to the operation ofthe
compressor. The geometry and alignment of the springs accurately define an axis along which
the spring stiffness is low and a large movement (e.g. > 10 mm) is possible without
exceeding the fatigue limit of the spring material. Perpendicular to this axis the stiffness is
extremely high.

The obvious axial symmetry of this type of compressor and the distinct characteristics of the

suspension spring assembly suggest the division of forces acting into three types:

e Forces acting along the compressor axis where the spring stiffness is low- these will be
termed “On-axis” forces.

e Forces acting perpendicular to the compressor axis where the spring stiffness is very high
— these will be termed “Off-axis” forces.

e TForces associated with the rotation of the spiral suspension springs. The operation of
these springs generally gives rise to a small rotation of the moving assembly. The forces
exerted on the moving assembly are also off-axis forces but they resolve to a zero net
force and a well-defined moment acting about the compressor axis.

ON-AXIS FORCES

The On-axis forces are the dominant forces acting in the compressor. The principal forces
with large magnitudes are those intrinsic to the compressors operation:

e The force generated by the coil

e The force produced by the suspension springs as they are deflected.

e The force produced by gas pressure differences acting on the piston area.

These are balanced by the inertia force acting through the centre of gravity as the moving
assembly accelerates. Ideally the axis defined by the movement of centre of gravity and axes
along which these forces act should coincide. The result would then be a single force acting
along a single well defined axis and there would be no resulting moments. In practice there
will be offsets and angular misalignments between the axes and these will result in off axis
forces and moments perpendicular to the compressor axis. The radial stiffness and separation
of the two sets of suspension springs determine the actual movements resulting from such
misalignments.  If the magnitudes of the axial forces are known then the level of
misalignment that can be tolerated is readily calculated.

There are other effects that will give rise to axial forces such as:

e Windage

Eddy current effects due to conductive components moving in the motors magnetic field
Shear forces acting on the piston due to gas flow in the clearance seals

Forces generated by sections of the coil leads moving in areas of stray flux.

Mechanical frictional forces.

These are much smaller in magnitude and would only have any significance if:

o they were so uncontrollable that they resulted in big differences between the two
compressor assemblies.




e They were large enough and acted far enough off the compressor axis that they produced
sufficient moments to cause radial deflection of the springs.

It is clear that windage and eddy currents could only have any net effect if there was fairly
gross mismatching of the compressors.

The forces generated by coil leads will be very closely matched but will not be acting along
the compressor axis. The shear forces acting on the piston are sensitive to the dimensions and
geometry of the clearance seals, which may not be closely matched.

Mechanical frictional forces should not be present because inprincipal there are no contacting
surfaces. The detection of vibration caused by friction would indicate a fault condition. The
forces generated by friction will be very variable depending on small details of surface form
etc so that it is not possible to be specific about how these might balance.

OFF-AXIS FORCES

Off axis forces can only register a net effect because of some deviation from symmetry either
required in the design or as a consequence of imperfections in the compressor build. Because
of the high radial stiffness only large forces will produce significant displacements. There is
also the possibility that smaller forces may have enough leverage to cause a significant
angular deflection. Some possible forces that were considered are:

e Unbalanced gas forces acting on the sides of the piston

e Forces generated by current carrying leads interacting with the motor flux

o Forces generated by deviations from linear movement of the suspension system

The forces acting on the sides of the piston are large and are determined by the detailed
geometry of the clearance seal. Defects in the clearance seal geometry can lead to significant
imbalance and misalignment of these forces. The radial gap in a clearance seal is typically
around 10 microns for reasonable seal efficiency. With machining tolerances typically around
+1 micron and a similar tolerance on alignment it is clear that this effect merits careful
consideration.

The forces generated by the current leads are an inevitable part of a practical design. Their
magnitudes are readily estimated, and are likely to be insignificant.

Off-axis Forces generated by inaccuracies in the linear movement of the suspension system
need to be considered but it is likely that the linearity required for the clearance seal will
automatically ensure that they are not significant.

MOMENTS ABOUT COMPRESSOR AXIS

The magnitude of the rotation produced by the springs will be determined by certain aspects
of the spring geometry, principally the spiral arm length and curvature. The manufacturing
processes used allow these parameters to be controlled to tight limits, typically better than
+0.1%. It is clear that provided that the axes of the compressor halves are well aligned and
that the compressor strokes are well matched, any residual moment is likely to be
insignificant.




RESONANCES

In addition to the forces already described there remains the possibility that mechanical
assemblies have resonant modes that may be excited at particular frequencies. Small out of
balance forces, whether on-axis or off-axis, could be amplified to the point that they become a
problem. The general approach to this problem is to keep the resonant frequencies of
components as high as possible by designing the moving assembly for high stiffnes. The use

of materials that have some intrinsic damping can also be considered although the
opportunities to do this are limited by the need for other mechanical properties. The moving
assembly/suspension spring system does present a particular instance where resonances may
be a problem. The stroke required of the springs limits their stiffness to relatively low values.

There are a number of vibration modes that should be considered:

e Resonance of the spring arms — the inner and outer ends being nodes and the centre being
an anti-node.

e Torsional resonance of the moving assembly about the compressor axis

e Torsional resonance of the moving assembly perpendicular to the compressor axis

e Radial resonance of the moving assembly with respect to the compressor axis.

These modes of resonance were investigated in the Capital compressor being built and the
resonant frequencies were determined to be at least 400 Hz.

A STRATEGY FOR GOOD BALANCE

The aim for a well-balanced compressor is that each compressor half should only produce an
On-axis force and that these forces should equal so that when they are aligned back to back
they cancel out. To approach this goal the design has to be effective, the compressor
components need to be well matched and the build quality has to be adequately controlled.

The overall strategy that has been adopted is:

Close matching of the amplitude of On-axis forces.

Alignment of On-axis forces to avoid generating unnecessary couples.

Minimising of Off-axis forces

Design of suspension system with high radial stiffness to minimise deflections.
Mechanical design that avoids assembly resonances in the operating frequency range
Design which includes damping (where possible) to minimise amplitudes of resonances

IMPROVING THE BALANCE OF THE CAPITAL COMPRESSOR

The above has described in general terms the effect of different forces and their possible
sources without detailed reference to their magnitudes and real significance. For the Capital
compressor the Vissim based model described beow was used to calculate the principal On-
axis forces for typical operating conditions. The effects of mismatching certain parameters
were investigated. Also measurements were made of the torsional and radial stiffness of the
compressor’s suspension system. This information was used as the basis for deciding which
of the effects described were likely to have any real impact on the overall balance.

For the Capital compressor, areas open to some improvement were identified as:




e Better matching of principal On axis forces — reducing differences in axial offsets of
coils, better matching of moving masses, motor parameters i.e. no of turns in coil, field
in air gap

¢ Reducing radial offsets between principal On axis forces

e Improving geometry of clearance seals by closer control of component manufacture and
alignment

e Improving angular alignment of compressor halves with respect to each other

ON-AXIS FORCES AND SPRING STIFFNESS FOR CAPITAL COMPRESSOR

Maximum values of principal On-axis forces 100 N
Minimum radial stiffness of suspension system 760,000 N/m
Torsional stiffness perpendicular to compressor axis(about C.0.G.) 780 N.m/radian

If a maximum of 1 micron radial movement of any of point on the piston is set as a criteria
then maximum allowable values can be set for Off-axis forces and moments perpendicular to
compressor axis. With the peak value of the principal forces, maximum angular
misalignments and offsets can also be defined:

Maximum Off-axis force 0.76 N
Maximum moment perpendicular to compressor axis 0.023 N.m
Maximum angular misalignment for On axis forces 0.0076 radians
Maximum offset for On axis forces. 0.23 mm

MODEL USED TO INVESTIGATE PRINCIPAL ON-AXIS FORCES

The model used to evaluate the effects of build mismatches is briefly described below.
The differential equation defining the motion for the On-axis forces described above is:
mx +k,x + P, (x,t)A = F(x,t) (D
x is the displacement of the piston assembly from its rest position
m is the moving mass, k; is the spring rate of the suspension springs
P is the pressure difference acting across the piston over an area 4
Ps= P — Py where P is cycle pressure, Pyis pressure in compressor body
F(x,t) is the force generated by the driving coil.

The variation in Py is primarily generated by the cycle pressure. This is determined by the
thermodynamic and pressure drop processes occurring in the refrigeration cycle and cannot be
simply described. An approximate model, that is simple and useful, can be developed by
treating the gas force as a spring/ damper combination. The resulting differential equation is
that for a damped harmonic oscillator:
mi +cx + kx = F(x,t) @)

c is effective damping constant for the gas, k is total spring rate,k = k; + k, k; is the

effective spring rate of the gas.

The force generated by the coil is given by
dl
F(x,t)=i(t) | B(x)—dx 3
(o) =i(0) [B()— 3)

% is the conductor length per axial length of coil, #(2) is the current through the coil




The differential equation defining the behaviour of the moving coil motor as an electrical
system is:
V(t)=E({)+Rit)+ L% 4)

V(1) is the applied voltage, E(?) is the back emf generated by the coil, R is the coil
resistance, L is the coil inductance.
E(1) is given by:

E@)=x| B(x)%dx )

The values of integral IB(x)%dxthat are required for Egs. (2) and (4) are accessed in

Vissim as a “Look up” table.

The look up table values were calculated in a spread sheet using flux distribution defined by:
B(x)=1B, in air gap 6)

B(x)=a+ —b7 in fringing fields @)
x

These equations were derived empirically using values generated by a finite element analysis
of the magnetic circuit.

SOME RESULTS OBTAINED FROM THE MODEL

The work described in Dadd et al.' showed that model values and values measured on a
particular unbalanced compressor were close for all the main parameters i.e. instantaneous
values of forces, currents and voltage inputs. The only value that had to be adjusted to obtain
good agreement was the coil inductance. A similar comparison will be made with the Capital
compressor when its build has been completed.

The model was used to investigate how the mismatch of particular buid parameters would
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Figure 2. Variation of net force with axial offset of coil on one side
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Figure 3. Vibration Spectrum for coil offset of 0.2 mm

effect the balance such parameters could be moving mass, inductance, magnetic flux
distribution etc. As an example, one finding is the dependence on the mean position of the
coil in the magnetic circuit. This can vary because of the build up of tolerances in the
compressor build. Figure 2. shows how the residual force varies with the changes in offset for
one of the compressors. Figure 3. shows the frequency spectrum for the case where one coil is
centred and the other is offset by 0.2mm. It will be seen that the residual force is becoming
quite significant i.e. 1% of value for each half and that it is dominated by the second
harmonic.

MEASUREMENTS AND DOCUMENTATION OF COMPRESSOR BUILD

An important and time-consuming part of the work described in this paper was the
measurement and documentation of various parameters during the build. These measurements
included:

e Component masses

Coil characteristics — resistance, No of turns and Inductance

Magnetic flux distribution in gap

Geometrical and dimensional features of individual components e.g. concentricity

The geometrical features e.g. alignments of the compressor assemblies as they are built

up.

The purpose of these measurements was twofold. Firstly to establish a build specification on
which to base any modelling or interpretation of measurements. Secondly to actually identify
areas where mismatches were significant or where components were not manufactured to
adequate standards.

Many of these measurements e.g. mass, coil resistance etc required only ordinary laboratory
equipment and will not be discussed further. However the measurement of geometrical
features and alignment required specialised metrology equipment. Many of these



measurements also needed to be taken during the compressor build when cleanliness is very

important.

To enable inspection measurements to be made in a clean environment a TalyRond 100 was

installed in the clean room. The essential features of this type of instrument are:

e An accurate turntable incorporating centring and levelling adjustments

e Vertical and horizontal columns allowing accurate positioning of probes

e A number of sensitive displacement probes capable of determining surface forms e.g.
roundness, concentricity, surface roughness etc.

Whilst taking these alignment measurements it became clear that the process could be helped
by having specific measurement features e.g. easily accessible reference surfaces. This was
not possible with the capital compressor but may be considered in future designs.

CONCLUSIONS

Although it is not possible to comment with the advantage of actual vibration measurements,

some conclusions can be made:

e The existing model appears to be adequate for describing the principal On-axis forces

o The magnetic properties of the magnets and magnetic circuit components are variable.
Good matching of these components is helped if they are chosen from within a single
batch.

e The matching of the on axis forces requires matching of coil offset as well as other
parameters

e The offsets between the axes of the principal forces can cause significant moments if their
alignment is not adequately controlled

e The clearance seal geometry needs to be closely controlled to avoid significant unbalanced
forces acting perpendicular to the compressor’s axis.

e Future compressor designs could usefully incorporate specific features to facilitate
measurements on build alignment

In many ways good balance is synonymous with high build quality - i.e. both are concerned
with good alignments, absence of friction and the minimising of resonance. Low vibration
compressors require a high build standard: a high build standard may be demonstrated by low
vibration measurements. Assessing build quality is an important issue because of its effect on
reliability. The pursuit of low vibration may therefore have added benefits.

ACKNOWLEDGEMENTS

The Capital compressor was designed and built under a contract with TRW, who also made
compressor components available for this work.

REFERENCES

Dadd, M.W., Davey, G., Lion Stoppato, P.F., Bailey, P.B., “Vibration Reduction in Balanced
Linear Compressors in the 17" International Cryogenic Engineering Conference”, ICEC 17,
Institute of Physics Publishing, Bristol (1998), pp.127-131.




Suipuim [100 pue Kjquasse pood uo spuadag

;ded ne oy} u1 uonsod [eIxXe swies
2} Je S[100 Y} JB 0JOZ [eOIURYISW

431 uopenNIS
1e aIe s3unids o) uoym :Jurod-pIA
g uonnqiysip
Y31 uoneWIS 2InjoRInUBW JOPJOY [100 pue SUIPUIM 105 POODH [eIxe pue yus] [210) -SUIPUIAM [10) 29107 SALP
wnipaN U "uonesnaudew uoneLIeA [BIXE puR ur moocob.ta
01 Y31 Henuis parionuos Ajesiaid pue sanbruyds) Ajquiasse pood £q jenba spew aq ue) spnyiuSew :ded qie ur xn[J onduUBeN
"[109 3y uo (K1190[2A 2UY) JWo-deq Y] —
ysiH uoneWIS pue sougpadwi oy} U0 puadap 1M JUSLIND SY) USY) ‘100 3 U0 pasodwl SI WIOJoARM I —— ,o,Mm d 0oL SALL
28p3704 © 3] "[109 Y} UI JUOLIND 3y} 0 [euolitodold st 1010w JY) AQ POLIAXS 9910] 9Y L pue spm ua Ha
wnipaN *SSO QANISISAI [10D :S3SSO] JOION]
Mo 2IqIB[3au 3q [1im SIS2I91SAY oneuSe :$3SS0] JOION
SOOUSISIIIP - [[RWS SI 103JJ3 SIY) XN[J DV MO] pue XnjJ (I YSIY L[9A1R[21 Sy} USALD : :
wnipaN SIuoLINO AppYH 59550 1010
O uonenwis 91q131[S2u pud J9YS JB S[eas 2y} uonodLy pin Buidwep,
1 Juone[noe) US9MID(Q SOOUSIRJJIP PUB ‘MO AI0A "PUS JOUIID Je S[ess oY) y3noy) mo[j £q pasne) Hoy Pl ul saouIIg
MO KA o_n_w:w,oc pue Ia1pd . SI1S219]SAY [BOIURYIIN
18 sSuLids Ay} UsaMIDq SAOUISIJIP Pue ‘Mmo] AI9A SI s1) :SuLids YSIp SY) Ul SISSIISAH : :
MO UIYOBW [BOS SOUBRILI[O PA[qUISSSE A[193.1109 B Ul 0ISZ 9q P[NOYS SIY ], uonodLIy [eSIUBYIIN
0t I 19 Pa[ ! ! q pInoys sty 1oLy Tedtuey
MO KIDA ‘so1jdde juswn3ie swes ay) :9a0qe el Julids sesd, 998 (j{10M 1JeYS) ,pEO7T, OTWRUAPOWISY |,
“JUSIRJJIP dJe s1ojowelp uojsid oy JI ST ISJJIp URd el
#0] A3 Suuids sed ay) 18y} Aeam AJUO 3Y) OWN[OA UOWIWOD B UO 108 SUOISId 0M) SU} Jey) UIAID oy Bunds seH (ouonbor
— F— -oueitodwl £IBpuooas Jo e ssoujyns Surds eoturyosw S R —— mec 0s o%
PPN HEIMIED ui suoneLIeA “oje1 Sunds seS oY) Jo souruIWOp 3Y) USAIS :A[InJa1ed s3uLids asooy) 16y SUMICS [EQIUBLOSN U1 SOOUARHIC
ystH uone[nofe) *SOAJRY oY) 9si[enbs 03 ssew ppy SSB]A SUIAOIN . .
Ajtanas sisfreuy T IO )/ WO N|O J)ewsIw Jo [Ie)d IS
3o emnsy 30 PO ¥ J/juonnjog ydjewsim jo rejaq 30 BOAY

NOILVYAIA TVIXV SIXV-NO ‘I 2IqeL

NOILVYHAIA 40 SHOHNOS

01

‘V XIANHddY




*peonpoid aq [[Im 9010] Jerjuadue) B (]109 SALIP Y} 0} uIped] salim

anbioy parjddy

mor *2'1) ploy onouSew [eipel e ySnoy A[jeulpmiduo] sassed JudLind a1ay M 9010} 3AUJ
o] . *Ajjeuonelod pajestjdal o [im yojew YoreWSIU [eIXY Ul SOOUAIRIQ
-SIUW [BIXR AUE :UOTIOW [BIXE JO UOIOUNJ 193.1Ip € SI UOOW [eUo)eIoy s
MO [[ewss £19A 29 01 Ao $3550[ o13oUZeW-0.109]
20 K107 uonenUIS ﬁu_ew:wo: wco ISUNI0 18 S[eaS 2 U2IM]Q SIUSISIJIP —_—_
Juonenofe) puR ‘MO[ AI9A "puS IoY)I2 Je S[Bds 2y Y3noiyy moy 4q pasne) e R Surdurep,
ul SaouaIRIg
Mo 019Z 2q pPINOYS UOIOLIJ [EOIUBYISN : :
MOT AIDA [rews £10A K[qeqoid SISOI9ISAY [ESIUBYISA]
Kouanbax g
Mo uone[noe) sSurids yoje s3uridg Jo SSoUINS [RUOISIO L, JueU0SaY
[euoneloy
Mo uone[noe) *S3UI| PUOQ SAISAYPE USASUN JO SIUdUOdWod d1IUdd3 03 3nQg BILISU] JO JUSWON U1 $90UB I
Apaanas sisdjeny HIWUIO))/UoIN|0 Jjewsiu Jo 183 Eataie
30 SjemySH 10 POYPIN ¥ o/uennjos yaewsiw jo [re3pq 30 BALY

SIXV LN09V TVNOILVLOY "T9lqEL

‘o Buijeoues (Aleulwiou) Agalay} ‘susoddo pue [enbs Ajjeuiwou
ale suone)os ay) Jossaidwoo Jied pasueled, B YUpA “ojbue |[ews e ybnoiyy ajejol o} a3l ale sjusuoduwiod Buinow ayy ‘sbuids syj ul sassalls asiwiuiw o0

11




xn[J onouSew Aexs y)im Sunoeioul Jojour

MOT AIDA "paUIBHSUOD SI 2010] USY) PIXIJ o6 SaIIMm J] 9y} JO 9PISINO 3Y) UO SPe3] 9y Ul JULIND
91} JO UONOBIAUI Y} AQ Pasned 92104
XN} ABIIS YIM JUSLIND
Mo Surjepow g4 "uonNQLISIP JUdLND dA0idur] SIYy} JO uonodeINUI Y} pue ‘surre 3ulids
PUNOJE JUSLIND JO UOTINGLASIP WIOJIUN-UCN uonowm
wnIpaSp Suyjopow g ug1sop aaosduw] Xnjj dUFEU YN0y Jo sixe uo
p ! Isap Ajrerxe Surssed [105 0) S2JIm ped] JO 19917 10U 95 u.om oAUQ
wnIpon Surjjapow Ajquiasse aaoxdur de3 1ie u1 01.13U2U0D JOU [I0 ’
Ip Ijepowr H 19 1 1e Ul o1 110D
de3 oy} punoie xnjj
WpeN Ajquiasse dnoidurg waoJiun-uou 3uiAld 511usdU09 jou ded a1y
‘ SaIIM PEI] [109 10]
wnipa uonenoe) sued aouejeq ‘ugisap aaoadw] mofe 03 uStsop Jusuodwos ur ARSuASSY
: : uoyjowr
wnipa uone[nore) sued aoueeq ‘Ajquiasse aaoxdw] Ajuurojiun parjdde jou aaissypy JO sIXe U0 j0U
SSBUW JO 91U3)
wnIpapy uonende) sued aoueleq ‘K|quasse saoadw] uo)sid yim OLIIUIDUOD 10U [100)
‘uonow
. X JeQulj-uou sasned suLre gulds oy jo
il UOBNQLISIP JUSLIND 2A0IAWY [[EWS 0243 Sunyeay orwiyo usAsun 3y} pue ‘sunre Jurids Ieaur]
punOJe JU2LIND JO UOHNGLISIP ULIOJIUN-UON JOU UOTION
wnipspy syusuodwiod Jo JuawugIe 1004 aul] Jy31eiS € Ul 9AOW JOU S0P UO0ISId
ysiH uone[noe) uoIjeIqlA Jeaul| SIXe-1JO ul Jnsal [[Im juswugiesiul enduy spus omg
ysiy uone[nole) UOIIB1O0I SIXB-JJO UI J[NS3J [[IA JwowuSIesI Jeaur JO JuRwUBIESIN
JXTAEVEY sisA[euy YIIRWSIA]
3o oyemmS 10 PO JUIWUIO))/UOI}N[0S YojewsIu Jo [ie3dq 30 B2

(TVNOLLVLOY ANV YVANI'D SIXV 440 ‘€ 31q¢elL

4!




REPORT DOCUMENTATION PAGE

Form Approved OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE

04-April-2001

3. REPORT TYPE AND DATES COVERED

Final Report

4. TITLE AND SUBTITLE

Vibration Minimisation in Balanced Compressors

5. FUNDING NUMBERS

F61775-98-WE107

6. AUTHOR(S)

Dr. Gordon Davey

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

University of Oxford
Parks Road

Oxford OX1 3PJ
United Kingdom

8. PERFORMING ORGANIZATION
REPORT NUMBER

N/A

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

EOARD
PSC 802 BOX 14
FPO 09499-0200

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

SPC 98-4057

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

12b. DISTRIBUTION CODE
A

13. ABSTRACT (Maximum 200 words)

This report results from a contract tasking University of Oxford as follows: The contractor will investigate the modeling and construction of low

vibration mechanical compressors.

14. SUBJECT TERMS

EOARD, Sensor Technology

15. NUMBER OF PAGES
12

16. PRICE CODE
N/A

17. SECURITY CLASSIFICATION
OF REPORT

UNCLASSIFIED

18. SECURITY CLASSIFICATION
OF THIS PAGE

UNCLASSIFIED

19, SECURITY CLASSIFICATION
OF ABSTRACT

UNCLASSIFIED

20. LIMITATION OF ABSTRACT

UL

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI| Std. 239-18

298-102




